Abstract-In this study, new organic-inorganic hybrid composites were prepared by means of an in situ sol-gel process. The polymer used as the continuous phase was the metallocene polyethylene-octene elastomer (POE) or the acrylic acid grafted polyethylene-octene elastomer (POE-g-AA). The silica forming the inorganic phase was produced by the hydrolysis and condensation of tetraethoxysilane (TEOS) in polymers. Characterizations of POE-g-AA/ SiO 2 and POE / SiO 2 hybrids were performed by Fourier transform infrared (FT-IR) spectroscopy, 29 Si solid-state nuclear magnetic resonance (NMR) spectrometry,X-ray diffraction (XRD) spectroscopy, differentialscanning calorimetry (DSC), thermogravimetry analysis and Instron mechanical tester. We found that the POEg-AA/ SiO 2 hybrid could enhance the properties of the POE / SiO 2 hybrid, since the interfacial forces of the former are the covalent Si O C and hetero-associatedhydrogen bonds but the latter only has weaker hydrogen bonds. The result of 29 Si solid-state NMR spectra showed that Si atom coordination around SiO 4 units is predominantly Q 3 and Q 4 . It was also found that the POE-g-AA/ SiO 2 hybrid with 9 wt% SiO 2 gave the maximum value of tensile strength since excess particles might cause the separation between the organic and inorganic phases when the silica content was beyond this point.
INTRODUCTION
The sol-gel process is one of the most valuable methods for preparation of new organic-inorganic hybrid composites since it has potential for development of new materials with designed properties, by structural manipulation at molecular level [1 -10] . In general, this process is performed through the hydrolysis and polycondensation of metal alkoxides, such as tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS), in the presence of organic polymer. The new hybrid materials developed by the sol-gel process could combine the bene ts of polymers (such as exibility, toughness and ease processing) and those of ceramics or glasses (such as hardness, durability and thermal stability). During the last ten years, studies on organic-inorganic composite materials via a sol-gel process were largely conducted in inorganic modi cation of organic polymers, that is, the organic polymer is the dominant phase [11, 12] . Elastomers, glassy polymers, semicrystalline polymers, high-temperature and other polymeric media such as membranes of per uorosulfonic acid (Na on ® ) have been used as the polymeric phases for development of ceramic-reinforced polymers by way of a sol-gel process [13] . In the past, the organometallic compounds (M(OC n H 2nC1 ) z , where M D Si, Sn, Ti, Zr, Al, etc.) were generally used as the ceramic precursor, and tetraethoxysilane (TEOS) was the most common one [7, 13] .
The microstructures and the properties of hybrid materials depend largely on the particle size of the inorganic phase, the uniform distribution of inorganic phase within the organic phase and the interfacial force between the two phases. Formation of a hydrogen bond or covalent bond between the two phases was normally utilized to establish these interfacial forces [13] [14] [15] . Two approaches were normally utilized to establish the interfacial force between the organic and inorganic phases. The rst is the formation of hydrogen bond between the basic group of the hydrogen acceptor in polymer and the hydroxy group of the intermediate species from metal alkoxides. The other case is the formation of a covalent bond between the two phases. For example, in polymer-silica hybrids, the covalent bond could be formed through dehydration of hydroxy groups in polymer with residual silanol groups in the silica network.
Polyethylene was one of the most important thermoplastics but its use was restricted in certain applications by its low melting point, stability in hydrocarbons and a tendency to crack when stressed. The graft reaction, cross-linking reaction and blending with organic llers for polyethylene, to mitigate its disadvantages, have been extensively investigated for many years. Recently, the metallocene-based polyethylene-octene elastomer (POE), which is developed using a metallocene catalyst by Dow and Exxon, has received much attention due to its unique uniform distribution of comonomer content and narrow molecular weight distribution [16, 17] . It seems that the study on synthesis and characterization of POE/silica hybrids has not been made, though Wang et al. [18] synthesized and characterized the maleated polyethylene/ clay nanocomposites prepared by simple melt compounding.
The purpose of this article was devoted to modify the thermal and mechanical properties of polyethylene-octene elastomer by silica through a sol-gel process. To introduce the hydroxyl groups onto the POE copolymer to react with the residual silanol groups of silica network, the acrylic acid grafted polyethylene-octene elastomer (POE-g-AA) used as the continuous phase was also investigated. The hybrid products (POE/SiO 2 and POE-g-AA/SiO 2 ) were characterized by Fourier transform infrared (FT-IR) spectroscopy, 29 Si solid-state nuclear magnetic resonance (NMR) spectrometry and X-ray diffractometer (XRD). Moreover, the thermal and mechanical properties of hybrids were also examined by thermogravimetry analyzer (TGA), differential scanning calorimetry (DSC) and Instron mechanical tester.
EXPERIMENTAL

Materials
The POE with 18% octene (Engage 8003, Dow) and tetraethoxysilane (TEOS, Aldrich) were used as received. Acrylic acid (AA, Aldrich) was puri ed by recrystallization from chloroform before use. The initiator benzoyl peroxide (BPO, Aldrich) was recrystallized twice by dissolving in absolute methanol, ltering the solution while hot and chilling in ice water. Other reagents were puri ed by the conventional methods. The POE-g-AA copolymer was made in our laboratory and its grafting percentage was about 5.65 wt%.
Sample preparation
2.2.1. POE-g-AA copolymer. Grafting reaction of AA onto molten POE was performed by using xylene as an interface agent and BPO as an initiator under a nitrogen atmosphere at 85 § 2 ± C. The reaction lasted for 6 h with a rotor speed of 60 rpm. The grafting product (4 g) was dissolved in 200 ml re uxing xylene at 85 ± C and then the solution was extracted ve times by using 600 ml cold acetone for each extraction operation. The acetone-insoluble polymer, which was dried at 80 ± C overnight, was used to measure the grafting percentage using a titration method [19] . The result showed that the grafting percentage of graft reaction product was about 5.65 wt% when BPO loading and AA loading were kept at 0.3 wt% and 10 wt%, respectively. 30 min to obtain a homogeneous solution. To eliminate the effect of unreacted AA on the hybrid composites, it was removed from the grafting product by acetone extraction for preparation of POE-g-AA/SiO 2 hybrids. According to Table 1 , a determined amount of POE or POE-g-AA was put into a Brabender Platograph 200 Nm Mixer W50EHT instrument with a blade-type rotor to melt it under the conditions that rotor speed and blending temperature were kept at 50 rpm and 160-170 ± C, respectively. When the POE or POE-g-AA had melted completely, the Sol A was added into the Mixer to proceed the sol-gel process for another 15 min. Prior to characterization, each sample was dried at 150 ± C in a vacuum oven for 3 days to remove residual solvents. The hybrid products were pressed into thin plates by a hot press at 140 ± C and then they were put into a dryer for cooling. Next, the cool thin plates were made into standard specimens for characterization.
POE /SiO
Characterization of hybrids
FT-IR analysis.
A Fourier transform infrared spectrophotometer (FTS-7PC, Bio-Rad), using thin lms, was used to investigate the graft reaction of acrylic acid onto POE and to verify the incorporation of a silicate phase to the extent that Si O Si bonds were formed in hybrids.
2.3.2.
29 Si solid-state NMR analysis. 29 Si-NMR spectra were recorded on a Bruker MSL-400 NMR spectrometer, using a standard double air bearing cross polarization / magic angle spinning probe, operated at a frequency of 79.5 MHz for 29 Si. Samples were loaded into 4-mm fused zirconia and sealed with Kel-F TM caps. Spectra were obtained using the conditions proposed by Siudak et al. [20] but a spinning rate of approx. 4700 Hz. The 29 Si solid-state NMR spectra were used to study the degree of intramolecular connectivity of the silicate phase.
XRD analysis.
The X-ray diffraction intensity curves were recorded on a Rigaku D /max 3V X-ray diffractometer, using Co K® radiation with a scanning rate of 2 ± /min, to study the structural change between POE, POE-g-AA and hybrids.
DSC analysis.
The glass transition temperature (T g ) of samples was determined from a TA Instrument 2010 DSC system. For DSC tests, sample sizes ranged from 4 to 6 mg and the T g values were obtained from the melting curves in the temperature range of ¡30 ± C to 120 ± C scanned at a heating rate of 10 ± C /min.
TGA analysis.
A thermogravimetry analyzer (TA Instrument 2010 TGA) was used to assess whether organic-inorganic phase interactions in uenced thermal degradation of hybrids. Samples were placed in alumina crucibles and tested with a thermal ramp over the temperature range of 30-600 ± C at a heating rate of 20 ± C /min and then the initial decomposition temperatures (IDT) of hybrids were obtained.
Mechanical testing.
According to the ASTM D638 method, the Instron mechanical tester (Lloyd LR5K) was used to measure the tensile strength at break. The lms of testing samples, which were conditioned at 50 § 5% relative humidity for 24 h prior to the measurements, were prepared in a hydrolytic press at 140 ± C and then the measurements were done using a 20 mm /min crosshead speed. Five measurements were performed for each sample and the results were averaged to obtain a mean value.
RESULTS AND DISCUSSION
Infrared spectroscopy
The FT-IR spectra of POE, POE-g-AA, POE/SiO 2 (20 wt%) and POE-g-AA/ SiO 2 (20 wt% appear in four polymers [21, 22] . Comparing Fig. 1A and 1B, it was found that two extra peaks (1710 and 1247 cm ¡1 ), which are the characteristic peaks of C O and C O, and a broad O H stretching absorbance at about 3000-3600 cm ¡1 appear in the FT-IR spectrum of the POE-g-AA copolymer. A similar result can be found in the literature [21, 23, 24] . So, one can con rm that acrylic acid is really grafted onto POE, since the discernible peaks near 1710 and 1247 cm ¡1 , based on free acid, appear in the spectrum of modi ed POE. From Fig. 1A and 1C , it can be seen that new peaks at about 3000-3600 cm ¡1 and 400-500 cm ¡1 appear in the FT-IR spectrum of POE /SiO 2 (20 wt%) composite. The broad O H bond stretching at about 3000-3600 cm ¡1 is due to the silica network and the peaks in the range of 400-500 cm ¡1 indicate the silicate phase. So, it may be that the interfacial force between POE matrix and silica network is only established by the hydrogen bonds.
Comparison between the spectra of POE-g-AA copolymer and POE-g-AA/ SiO 2 (20 wt%) hybrid (Fig. 1B and 1D , it can be seen that four extra peaks at 437, 463, 1086 and 1123 cm ¡1 appear in the spectrum of the latter. The peaks at 1086 and 1123 cm ¡1 indicate that the Si O C bond, which may be associated with an H-bonded Si OH group, is produced from the reaction between POE-g-AA and SiO 2 since absorbance of this covalent bond usually appears at 1080-1200 cm
¡1
(typically at 1080-1120 cm ¡1 ) [22, 25, 26] . It can also be found from the FT-IR spectra of POE-g-AA and POE-g-AA/SiO 2 (Fig. 1B and1D) that the peak at 1710 cm ¡1 in the former vanished but two new peaks at 1733 and 1717 cm ¡1 appeared in the latter. This result may be due to the formation of ester groups through the reaction between carboxylic acid groups of POE-g-AA and silanol groups of silica network [9, 10] . The broad O H bond stretching at about 3000-3600 cm ¡1 is due to the formation of hetero-associated hydrogen bonds between hydroxyl groups of POE-g-AA and silanol groups of silica network in the hybrids. To better understand the hydrogen-bonding interaction between POEg-AA matrix and silica network in the hybrids, the FT-IR spectra in the limited range of 3000-3600 cm ¡1 for the POE-g-AA copolymer and the POE-g-AA/SiO 2 hybrids having different amounts of silica were expanded and illustrated in Fig. 2 . From Fig. 2 , it can be seen that the hydroxy stretching band appeared as a strong broad band at 3445 cm ¡1 For the POE-g-AA copolymer. For POE-g-AA/SiO 2 hybrids, the vibration bands were broaden with increasing of silica content and the bands gradually shifted from 3420 cm ¡1 to 3402 and 3380 cm ¡1 for 3, 9 and 20 wt% SiO 2 , respectively. These observations may be due to the strong hetero-associated hydrogen bonds between the hydroxyl groups of POE-g-AA matrix and the silanol groups of silica network [9, 10] .
For POE /SiO 2 and POE-g-AA/SiO 2 hybrids (Fig. 1C and 1D ), an interesting trait associated with the silicate phase appeared in the limited 500-400 cm ¡1 range where it consists of a peak at about 437 cm ¡1 to the right of the peak assigned to Si O Si bending deformation at about 463 cm ¡1 . This feature, associated with partially condensed intermediates in polymerization of TEOS, can be identi ed as 525 cm ¡1 with Si (OSi) 2 species (Q 2 ), 484 cm ¡1 with Si (OSi) 3 species (Q 3 ) and 432 cm ¡1 with Si (OSi) 4 species (Q 4 ) [25, 27] . To further understand the effect of silica content on this feature, the spectra in this limited range for POE-g-AA/SiO 2 hybrids having different amounts of silica were expanded and illustrated in Fig. 3 . It can be seen from Fig. 3 that the absorbance of Si O Si bending vibration, at about 463 cm ¡1 , increased with increasing of silica content since the formation of Q 3 is increased. Figure 3 also shows that the relative Q 3 through Q 4 presents in the samples varies with silica content and it will be further studied with 29 Si solid-state NMR and discussed later.
3.2.
29 Si solid-state NMR spectroscopy 29 Si solid-state NMR spectra were used to study the degree of intramolecular connectivity of the silicate phase and the result is shown in Fig. 4 . The peak assignments for different degrees of Si atom substitution about the SiO 4 tetrahedra have discussed in earlier reports of organic/ silica hybrids [20, 28] . Peaks are generally denoted by the symbol Q n for the Si atom coordination state (RO) 4¡n Si(OSi) n , where R D H or an alkyl group. Each peak is located within a range of chemical shifts relative to Si(Me) 4 as follows:
to ¡101 ppm and Q 4 D ¡106 to ¡120 ppm. Figure 4 displays the spectra of POE-g-AA/SiO 2 hybrids containing 3, 9 and 20 wt% silica. It can be seen in Fig. 4 that the chemical shift distribution consists almost exclusively of Q 3 and Q 4 species, regardless of silica content, although some Q 2 character appears in higher silica content (such as >20 wt%). For POE-g-AA/SiO 2 hybrids containing 3 and 9 wt% SiO 2 , only peaks Q 3 and Q 4 can be seen in the spectra and this result might imply that all the silica have reacted with POE-g-AA copolymer. The appearance of Q 2 in the spectrum of POE-g-AA/SiO 2 (20 wt%) means that excess amount of silica was introduced to react with POE-g-AA copolymer since the grafting percentage of AA was only 5.65%. It can also be seen in Fig. 4 that the intensity of Q 3 was increased with increasing of silica content but the intensity was decreased slightly for Q 4 . The considerable degree of Q 3 and Q 4 coordination states found in the 29 Si solid-state NMR examination is in general agreement with the structural interpretation of the FT-IR results and it might infer that some degree of porosity is present, since "porous" silicate nanoparticles have a considerable degree of intramolecular disconnection [20] .
X-ray diffraction
In this study, X-ray diffraction analysis was used to examine the crystalline structures of pure POE, POE-g-AA and POE-g-AA/SiO 2 and the result is shown in Fig. 5 . Similar to the result of Perez et al. [29] . Figure 5A shows that there are two peaks at about 2µ D 19:8 ± and 2µ D 21:4 ± for unmodi ed POE. The peak at 2µ D 19:8 ± re ects the characteristic of orthorthombic cell of polyethylene and the peak at 2µ D 19:8 ± may be considered as indicative of the side branches of 1-octene in the crystalline structure. From Fig. 5B , it is clear that there is only one peak at about 2µ D 21:4 ± for the POE-g-AA copolymer. The disappearance of the peak at about 2µ D 19:8 ± may be due to the change of coordination features of POE molecules when acrylic acid is grafted onto POE. According to the result of characterizations of FT-IR and XRD, one can further con rm that acrylic acid is really grafted onto POE. Compared to the XRD spectra of POE-g-AA, it can be seen from Fig. 5C-5E that there are two new peaks at 2µ D 18:1 ± and 2µ D 40:6 ± in the spectra of POE-g-AA/SiO 2 hybrids. The appearance of the new peak at 2µ D 18:1 ± , which may be due to the formation of ester carbonyl functional group as described in the discussion of FT-IR analysis, is similar to the result of Shogren et al. [30] . One can assign the appearance of the new peak at 2µ D 40:6
± to the generation of silanol functional group in the silica network [31] . Comparing Fig. 5C and 5E, one can also see that the higher silica content will give a higher new peak at 2µ D 40:6 ± because this new peak could be assigned to the generation of a silanol functional group in the silica network.
Thermal stability of hybrids (DSC and TGA tests)
It has been proposed that the thermal stability of organic-inorganic hybrids depends on the interaction between the polymer chains and the inorganic network, and the consequential uniform distribution of the latter in the former matrix [32, 33] . In this study, DSC and TGA were used to investigate the effect of silica content on the thermal properties (T g and IDT) of hybrids and the result is given in Table 2 . The glass transition temperature of the hybrid composites is associated with a cooperative motion of long-chain segments, which may be hindered by the silica network [10] . So, as expected, both the POE /SiO 2 and POE-g-AA/SiO 2 hybrids could give higher glass transition temperatures than the pure POE (Table 2) . It is also found that the enhancement in T g value for POE-g-AA/SiO 2 hybrids is more signi cant than that for POE /SiO 2 hybrids but the T g increment is small for both hybrids. This indicates that the POE-g-AA/SiO 2 hybrids have the newly formed covalent Si O C bonds, which are stronger than the hydrogen bonds to hinder the motion of polymer chains. It can be seen from Table 2 that the effect of silica content on T g value reveals a maximum value of T g at about 9 wt% SiO 2 for POE/SiO 2 and POE-g-AA/SiO 2 hybrids. This phenomenon might be due to the low grafting percentage (about 5.65 wt%) of POE-g-AA copolymer, since the increment of T g depends on the amount of functional groups in the copolymer matrix that can react with the residual silanol groups in the silica network [34] . When the silica content was greater than 9 wt%, the presence of excess silica particles was only dispersed physically in the polymer matrix. Such excess particles might cause the separation between the organic and inorganic phases, and descended the compatibility between silica and POE-g-AA or POE. Therefore, the T g value of POE /SiO 2 and POE-g-AA/SiO 2 increased with silica content to a maximum value and then dropped.
As the result of TGA analysis, it can be seen from Table 2 that both the POE/SiO 2 and POE-g-AA/SiO 2 hybrids give the positive effect on the value of IDT. Table 2 shows that the IDT value of POE-g-AA/SiO 2 hybrid is higher than that of POE /SiO 2 hybrid though POE-g-AA lowers the IDT value of POE. This result can be explained by the fact that the interfacial force between polymer matrix and silica network is changed from the weaker hydrogen bonds to the stronger covalent Si O C bonds when POE-g-AA was used to replace POE for preparation of hybrid composites. It can also be seen from Table 2 that the increment of IDT for POE/SiO 2 and POE-g-AA/SiO 2 hybrids was not signi cant when the silica content was greater than 9 wt%, since the phase separation could occur in the hybrids containing higher contents of SiO 2 .
Tensile strength of hybrids
The variation of tensile strength at break with silica content for POE /SiO 2 and POE-g-AA/SiO 2 hybrids was tested by the Instron mechanical test and the result is also given in Table 2 . Similar to the result of thermal stability, it can be found from Table 2 that both the POE/SiO 2 and POE-g-AA/SiO 2 hybrids provide a maximum value of tensile strength at about 9 wt% SiO 2 . For POE/SiO 2 hybrids, the effect of silica content on the tensile strength is slight because the interfacial force between POE matrix and silica network is only the weaker hydrogen bond. With the same silica content, the POE-g-AA/SiO 2 hybrid exhibited much better tensile strength than the POE /SiO 2 one though the POE-g-AA copolymer lowered the tensile strength of pure POE. This obvious enhancement in tensile strength may be attributed to the presence of silica network and to the formation of a chemical bond, perhaps the covalent Si O C bond, through the dehydration of hydroxy group in POE-g-AA with the residual silanol group in the silica network. However, the tensile strength of POE-g-AA/SiO 2 hybrid increased to 52.5 MPa at 9 wt% SiO 2 but it decreased markedly with silica content when the concentration of SiO 2 was beyond this point. This phenomenon is also due to the fact that the separation between the organic and inorganic phases occurred in the hybrids having high silica content.
CONCLUSIONS
In this article, organic-inorganic hybrid materials were prepared by an in situ polymerization of tetraethoxysilane in the presence of POE or POE-g-AA. From FT-IR and XRD spectra, we has proven that the acrylic acid was really grafted onto the POE copolymer, there were silanol functional groups in the silica network and the covalent Si O C bonds were formed in the POE-g-AA/SiO 2 hybrid. The newly formed covalent Si O C bonds may be produced through dehydration of hydroxyl groups in the POE-g-AA matrix with residual silanol groups in the silica network. In agreement with the structural interpretation of FT-IR spectra, the result of 29 Si solid-state NMR analysis showed that Si atom coordination around SiO 4 units is predominantly Q 3 and Q 4 . TGA tests showed that the POE-g-AA/SiO 2 hybrids could provide higher values of initial decomposition temperature than the POE/SiO 2 ones. The trends of effect of silica content on the tensile strength and the glass transition temperature are similar. It was found that there are maximum values of tensile strength and glass transition temperature at about 9 wt% SiO 2 for POE/SiO 2 and POE-g-AA/SiO 2 hybrids. This result is due to the phenomenon that excess silica particles might cause the separation between the organic and inorganic phases and then descended the compatibility between silica network and POE or POE-g-AA. Finally, the POE-g-AA/SiO 2 hybrids could improved the thermal and mechanical properties of POE/SiO 2 hybrids because the interfacial forces of the former are the covalent Si O C and hetero-associated hydrogen bonds but the latter only have weaker hydrogen bonds.
